Abstract-The impedance-based approach has been widely used to predict the system stability at each point of connection of the individual voltage-source converter (VSC). However, the analytical impedance model is difficult to obtain because the system operators usually have no access to the detailed data of the control system of power converters due to confidentiality of manufacturers. Therefore, impedance measurement is necessary. In this paper, a broadband signal, pseudo-random binary sequence (PRBS) is selected as injected perturbations to excite the voltage and current response of VSC. Moreover, a parametric identification method for impedance measurement of VSC in the dq-frame is proposed based on recursive least squares algorithm. According to the nonlinear time-domain simulation data and the experimental data, the identified model of the converter is obtained. The accuracy of this impedance measurement method based on the parametric identification is verified in both the time-domain and frequency-domain.
INTRODUCTION
The impedance-based stability analysis method has been widely applied for stability analysis since it does not need to systematically formulate the state-space models of the whole system, and predict the system stability based on the ratio of the output impedance of VSC to the equivalent system impedance [1] , [2] . However, the analytical impedance model is difficult to obtain since system operators have no access to the detailed data of the control system of power converters. Thus, there is a huge demand for the impedance measurement.
The DC impedance measurement technology is mature and widely available in the power system [3] , [4] . Nevertheless, in the case of three-phase AC systems, since there is no equilibrium dc operating point for the small-signal linearization, the small-signal impedance model of converter is developed in the rotating dq-frame to analyze the dynamic interactions between the grid-connected converters and grid impedance [5] .
In recent years, several approaches have been proposed for measuring the output impedance of the three-phase converters in the dq-frame [6] - [9] . A common approach is to inject single-frequency excitation signal at one time, and calculate the magnitude and phase of the impedance at that frequency [6] , [7] . However, multiple experiments must be carried out to obtain the impedance in a wide frequency range. Another way is based on broadband excitation signals, such as an impulse or PRBS, and the impedance characteristic can be calculated by performing the Fast Fourier Transformation (FFT) on the measured voltage and current at one time [8] , [9] . However, the measured impedance models obtained from above-measured methods are non-parametric models, which only represents the frequency response of the converter at the specific frequency point. They are not suitable for the system-level simulation analysis and controller design [10] . Moreover, nonparametric identification method has to be implemented with a large amount of recorded data by using FFT, which may not be suitable for measuring the impedance online and monitoring the change of the system status and parameters in the real time due to the limitation of the memory. In order to address these issues, parametric impedance model is obtained in [11] - [14] . With the help of recursive algorithms, the parametric identification method can be achieved by using less data and much lower requirements of software's and hardware's configuration. Based on the frequency response measured at the converter terminals, the polytopic black-box model of DC-DC converters is developed for system-level design and analysis in [11] , [12] . According to the transient response of the voltage and current of the converter to the passive load step, a parametric black-box model technique is proposed in [13] , [14] . Nevertheless, the frequency range of the perturbations caused by the load step cannot controlled while controlled perturbations such as PRBS provide better control and ease the measurement task. Moreover, the load step may change the operating point of the system, which may influence the accuracy of the impedance measurement results.
In order to obtain the parametric impedance model of VSC in the dq-frame by measurement, this paper propose the use of PRBS as injected perturbations to excite the response of the converter. According to the measured voltages and currents, the identified impedance model of converter is obtained based on the recursive least squares algorithm. The accuracy of the identified model is verified in both the timedomain and frequency-domain. Fig.1 (a) shows an example of three-phase VSC used to illustrate the concept of impedance model. L and R are filtered inductor and its parasitic resistor, respectively. Iabc and Uabc represent three-phase currents of converter and PCC voltages, respectively. Udc denotes the dc voltage and ș is the synchronization phase angle generated by PLL. Zdq is the dq impedance matrix of the converter, which models all circuit components, including physical components and control systems. Fig.1 (b) shows the small-signal output impedance model of the converter in the dq-frame. The purpose of the the impedance measurement is to obtain analytical expression of Zdd, Zqq, Zdq, Zqd. For the balanced and symmetrical three-phase AC system, the dq impedance model is widely used because there exist dc operation point in the dq-frame. Similar to DC systems, the relationship between small variations of dq-axis voltages and currents can be applied for describing the dq impedance characteristic of converters. Thus, the smallsignal dq impedance model of converters can be derived by linearizing voltages and currents around its steady-state operating point, as shown in (1) .
II. SMALL-SIGNAL IMPEDANCE MODEL OF VSC
where ᇞ denotes a small-signal variation of the respective variables from the equilibrium point.
Since the VSC is operating as a current source, the impedance is presented as an admittance, which can be calculated as (2) .
III. IMPEDANCE MEASUREMENT TECHNOLOGY IN THE DQ-FRAME In order to measure the impedance model of VSC in the dq-frame, the corresponding system diagram of the impedance measurement setup is proposed, as shown in Fig.2 . In this setup, PRBS is chosen as the excitation signal. U denote the measured current and voltage of the converter in the dqframe, respectively, which are applied for the identification of the impedance model of the converter.
In general, in order to acquire the specific components of the impedance matrix as shown in (1) and (2), two linearly independent perturbations are required to gain enough information. The excitation signal with the frequency of interest is firstly generated on the d-axis while the q-axis perturbation is equal to zero. Similarly, a second perturbation sequence is implemented but injecting the q-axis perturbation instead, with the d-axis components being zero. In this case, the proposed identification method considers that only one input signal is perturbed on the one axis while the disturbance on the other axis is negligible.
Therefore, when the voltage excitation signal is superposed to the d-axis, the responses of current ᇞId and ᇞIq are 
. Basic principle of model identification. caused by ᇞUd and the admittance Ydd, Yqd could be identified as expressed in (5) 
Similarly, the admittance Ydq, Yqq could be identified as expressed by
According to the input and output data, the expression of (3), (4) , namely the transfer function of the admittance, could easily obtain based on the parametric identification method. The purpose of the parametric identification is to find an appropriate model G´(s) whose output (current) fitting very well with the output of the actual model G(s) under the same input (voltage), as shown in Fig.3 . Based on the parameter adaptation algorithm as well as the error between the actual model and identified model, the parameters of the identified model are adjusted constantly until meeting the requirements of the precision. The detailed explanation will be given in the following section.
IV. IMPEDANCE MEASUREMENT PROCEDURE BASED ON
PARAMETRIC IDENTIFICATION Fig.4 shows the flowchart of the impedance measurement based on parametric identification, which consists of excitation signals design, selection of model structure, determination of model order and identification algorithm.
A. Design of Excitation Signals
In order to identify the impedance over a wide frequency range and save the measurement time, a broadband excitation signal should be chosen. PRBS is a periodic signal whose period is defined by the length of the sequence L, which has spectral content rich in frequencies [15] . Although PRBS can be easily generated by using shift register with feedback, the specific generation is dependent on the test time and the dynamic character of the model to be identified. Therefore, the excitation signals have to be carefully designed.
To obtain the response of VSC over the entire frequency spectrum generated by a particular PRBS, the test time should be larger than at least one period of PRBS. Besides, the maximum duration of a pulse of PRBS would influence the accuracy of identified model's steady gain, which is mainly because the excitation signal should assure at least one completed dynamic response of the system before the next excitation signal comes. However, the resolution of the PRBS is generally chosen low enough to satisfy this need.
What's more, the choice of the magnitude of PRBS is very important, e.g., when the magnitude of PRBS is smaller than the residual noise, the excitation signal would submerge in the noise and might obtain an inaccurate model. On the other hand, when the magnitude of PRBS is very large, it is likely to excite the non-linear character of the model to be identified. Therefore, the magnitude of PRBS should be chosen in the reasonable level. In this paper, the small-signal impedance model would be identified, which means the magnitude of PRBS should be determined based on the steady operating point.
B. Selection of Model Structure
Before the identification, the specific structures of the identified model should be determined. The general structure of the transfer function model, identified through parametric methods, is given by (5), where u(k) and y(k) are measured system input and output, respectively. A(z ) is named as disturbance polynomial and d(k) is white noise. As can be noticed, since the identified model is acquired based on sampling data, a discrete model is identified.
In particular, when the disturbance input is the white noise, the noise transfer function H(z -1 ) also exists several forms. This is mainly because there is no general model structure that could describe all the situations encountered in practical cases. In this paper, the disturbance input is considered as the white noise and the noise transfer function H(z -1 ) is chosen as 1 since the measured input and output data would be preprocessed first before it is used for identification. Therefore, the identification would be easier to implement and the model order is simpler.
C. Determination of Model Order
The next step is to select the order of the polynomials A(z -1 ) and B(z -1 ). Traditionally, trial and error could be used to determine the model order, and the fitting performance between the actual model and identified model would be checked. If the identified model could not satisfy the dynamic character of the actual model, the model order would be selected again. If we increase the order of the polynomials, it will increase the computational complexity and on the other hand, if we reduce the order, the accuracy of the estimated model will compromised. There is a trade-off between computational complexity and accuracy of the identified impedance model.
D. Identification Algorithm
The key part of parametric identification is the identification algorithm. The parameters of the identified model, given by (5), would obtain by minimizing the objective function. General choices are to minimize the sum of squared prediction error J1, given by the following equations
where N is the number of samples, 0 ( ) i ε is the prediction error between the actual model and identified model. This minimization of (6) could be easily implemented by some software using existed identification algorithm. In this paper, the recursive least squares algorithm was applied to identify the parameters of the model that optimize the objective function J1. The detailed parameter adaptation algorithm is given by The selection of the adaptation gain would determine the quality of the identification algorithm, e.g., when the parameters are close to the optimum, high adaptation gain may bring about oscillations around the minimum, while when the estimated parameters are far from the optimum, higher adaptation gain would obtain faster convergence speed. Therefore, accordingly varied adaptation gain is desired. As can be found in (8) , the adaptation gain F(k) in the identification algorithm adopted in this paper is time varying which is associated with the measured data.
In order to obtain a different variation profile of the adaptation gain applying for different situations, two weighting functions ȕ1(k) and ȕ2(k) are introduced. Formula (8) could be rewritten as Different selection of ȕ1(k) and ȕ2(k) could obtain different feature of the adaptation gain which might be suitable for the identification of different systems. In this paper, constant ȕ1(k) and ȕ2(k) are both given by 1. The reason why chooses this form of weighting function is that in this paper, the system to be identified assumes to have constant parameters and the original form of the adaptation gain is able to meet the requirements.
V. SIMULATION AND EXPERIMENT VALIDATION

A. Simulation Validation
The simulation model of VSC was established in MATLAB/Simulink based on Fig.1 and the corresponding measurement model was built according to Fig.2 . The specific parameters of VSC are shown in Table I .
According to the simulation data, the transfer functions of the identified impedance model are given in the following. For the sake of simplicity, the lowest order that provides a good fit has been selected. Fig.8 show the comparison of the admittance between the calculated results through the theoretical impedance model and the identified impedance model. All the impedance were measured from 1Hz to 1000Hz. As can be seen, the admittance Ydd and Yqq obtained from the theoretical calculation and identification match very well in the wide frequency range. However, the coupling admittance Ydq and Yqd exist small difference in the low frequency range (below 3Hz). This is mainly because the magnitude of the transfer function of the coupling admittance is too small and small perturbations cannot excite enough response of VSC. Nevertheless, this difference will not influence the stability analysis results because the magnitudes of the coupling impedance Ydq and Yqd in the low frequency range are relatively small compared with Ydd and Yqq.
Furthermore, the processed output currents of the identified and simulated model under two different injected voltage perturbations are compared in Fig.6 . As can be seen, the output current of the identified model of Ydd and Yqq match the actual model output very well (96.5% and 97% respectively) while the output of the identified coupling impedances Ydq and Yqd show small mismatch (78% and 87%), which draws the same conclusion as the frequencydomain results. 
B. Experiment Validation
In order to further verify the correctness of the proposed measurement method, a small-scale prototype based on the proposed impedance measurements setup, as shown in Fig.2 , is built. However, in this setup, the shunt current injection method instead of the series voltage injection method was adopted because this method is much easier to implement for the experiment verification. Fig.13 . Small-scale prototype of the impedance measurement. In addition, the data would all be processed in the host computer and the impedance model would be identified based on recursive least squares algorithm.
Similarly, according to the experiment data, the parametric expression of the identified impedance model can be obtained. Nevertheless, since the coupling admittance Ydq and Yqd is relatively small, the current perturbation components would mostly flow into the grid impedance, which perturbs the coupling components of the converter slightly. Moreover, the noise in the experiment is more obvious than in the simulation, which makes the useful information applied for the identification of the coupling admittance submerge in the noise. Therefore, only the admittance Ydd and Yqq are given 
